INTRODUCTION
Cyclic density changes in microtines (voles and lemmings) have long been considered a mystery (e.g., Elton, 1942; Krebs, 1978 Krebs, , 1979 ; Stenseth, l£)85a). Unfortunately, we still do not know why they occur in so many microtine rodents species (e.g., Myers, 1974, Stenseth, 1985a) whereas they only rarely (or never) occur in other species. In particular, we do not understand why some species are cyclic in parts of their range of distribution but stable in other parts. This unhappy state of affairs prevails in spite of much data on these species as well as an almost endless array of hypotheses suggested for explaining the occurrence of regular cycles (for a review, see Stenseth, 1985a) .
Most of the suggested hypotheses refer more or less explicity to [387] Microtus species (see, e.g., Stenseth et al, 1977, Stenseth [ed. ], 1985b); relatively few models have been advanced with a Clethrionomys species in mind. This may be unfortunate since the ecology and social behaviour of the genus Clethrionomys seem to be far more homogeneous than those of the genus Microtus (see Table 1 in Stenseth et al, 1987 for a comparison). Specifically, all Clethrionomys species seem to have females possessing exclusive territories (e.g., Bujalska, 1985) whereas few Microtus species seem to have this feature {e.g., Stenseth et al., 1987) ; but M. pennsylvanicus is, for example, like Clethrionomys in this respect (Boonstra & Rodd, 1983) .
Clethrionomys as a genus is, however, characterized by having both stable and cyclic populations {e.g., Henttonen et al., 1985) just as in the case of Microtus (e.g., Myllymaki et al., 1977; Stenseth et al., 1977 Stenseth et al., , 1985 . The bank vole, Clethrionomys glareolus, is of particular interest: North Scandinavian populations of this species are cyclic whereas south Scandinavian populations and central European ones are fairly stable from one year to another (e.g., Bujalska, 1970 Bujalska, , 1983 Bujalska, , 1985a Myllymaki ct al., 1977; Stenseth et al, 1985; Henttonen et al, 1985) . At most, there is a two year cycle with small amplitudes in the central European populations (e.g., Bujalska, 1975) ; in this case, it is the number of immature females which fluctuates regularly whereas the number of mature females seems rather constant. Bujalska (1970 Bujalska ( , 1983 , Bujalska et al (1968) and Bujalska and Gliwicz (1972) proposed that the prevalence of exclusive female territories could explain the stability of the central European populations: once all territories are occupied, reproduction decreases so as to stabilize the population density. Wiger (1982) proposed -as far as we can see -that essentially the same mechanism (i.e., exclusive female territoriality) could explain the regular cycles in the more northern populations. That is, according to Wiger, the system of female territoriality sets a limit to the density of breeding females. This by itself, he says, will not necessarily produce cycles. However, the territoriality of females is the central feature of his hypothesis for explaining cyclic density changes.
This might seem like a paradox: to us it is not clear why Bujalska's suggestion should not also apply to the northern populations, nor why Wiger's suggestion should not also apply to the more southern populations. None of the two authors seem to address this question. In fact, we are unaware of any convincing arguments as to why the Bujalska suggestion should be an appropriate explanation for the stability of the central European bank vole populations, and why the Wiger-suggestion should be an appropriate explanation for the cyclicity of the northern population. Neither Bujalska nor Wiger give such arguments The purpose of this paper is therefore to attempt to specify the idea of Bujalska and Wiger about the population dynamics of Clethrionomys species. In particular, we evaluate whether their predictions are correct and hence whether female territoriality can explain both cyclicity in northern and non-cyclicity in southern populations. If so, the seeming conflict between the views of Bujalska and of Wiger is in reality nonexistent 2. THEORY
The Basic Idea
Reproductive females in all Clethrionomys species possess exclusive breeding territories (for review, see Bujalska, 1985b) . As argued by Bondrup-Nielsen and Ims (1987) and Stenseth et al. (1987) , this justifies disregarding the male component in population dynamics considerations: the dynamics of Clethrionomys populations may, presumably, be entirely understood by only considering females, since a sufficient number of mature males is always available for inseminating mature females in the population, and as a result, the males' population dynamics will passively "follow" the population dynamics of the females in a more or less complicated fashion.
The more competition there is for territories, the longer time is, on average, required before a female can start reproducing (Koshkina, 1957; Koshkina & Korotkov, 1975; Viitala, 1977; Wiger, 1979 Wiger, , 1982 : functionally subadult individuals (non-reproductive overwintered adults and young immatures) will, on average, have to "wait" for a longer time the higher the female density is before they become reproductively active adults. Similarly, mature individuals will produce litters less frequently at high densities, presumably because of mutual interactions between territorial females (Bujalska, 1983) . Presumably, in dense populations the variation in the length of these "waiting-times" is greater than in sparse populations (Bondrup-Nielsen, pers. comm.; Ims, pers. comm.). However, in either case the lower realized value of this "waitingtime" is zero.
Naturalists are well aware of the marked seasonality in the reproductive schedule of small rodents (e.g., Formozov, 1964; Fuller, 1967; Pruitt, 1978) : the main reproductive period occurs during summer. Even though seasonality and in particular the length of the main reproductive season were not emphasized as important factors by Bujalska nor by Wiger, we choose to interpret their writings as if they implicitly assumed so. At least Wiger (1982) mentions, referring to Fuller (1967) , the fact that cyclic species seem to be associated with snowy winters (see also Fuller, 1985) . Hence, we incorporate seasonality in our model; specifically we study the effect of long summers and short winters, as opposed to short summers and long winters. In the former case, more litters may be produced during the main reproductive period than in the latter case. Bujalska & Ryszkowski, 1966) . N np (i) is the number of mature, but non-pregnant females which will become pregnant within i days (i = 1, 2,..., 50; see, e.g., Buchalczyk, 1970) ; the length of this period is (for simplicity) assumed predetermined by the level of aggression between territorial females.
N s (i) is the number of functionally subadult (see e.g., Myllymáki, 1977) females which will mature within i days (i=l, 2,..., 50; see, e.g., Bujalska et al., 1968; Buchalczyk, 1970; Bujalska, 1983) , again is assumed predetermined by the level of aggression between territorial females. These females may appropriately be called "maturing subadults" (or only "maturing"). All pregnant (N p ), mature but non-pregnant (N np ), and maturing females (N s ) occupy a territory (Gliwicz & Rajska-Jurgiel, 1983 ). These are the only ones which defend their home ranges (Gliwicz & Rajska-Jurgiel, 1983). Further, let X be the number of nonterritorial females in the population at any instant in time. Subadults are recruited from this category. Non-territorial females are themselves recruited from newly weaned females. Finally, let Y(i) be -at any instant in time -the total number of nestling females i days old (i= = 1, 2,..., 20; see Naumov, 1948; Bujalska & Ryszkowski, 1966; Bujalska, 1983 ).
Winter Dynamics
During winter, lasting for 365-T s days (where T s is the length of the summer season), the population is assumed to consist exclusively of non-territorial individuals. That is, during winter X^0 and
0 for all i. Only death of non-territorial females (the entire female population at that time) can change the population density during winter. The instantaneous specific death rate of non-territorial females, ju w , is defined as ju w (X)=a 1 +a i . X
where ctj and a 2 are two positive constants. Thas is, during the winter period
X(t+l)=X(t).(l-/u w X(t)). (2)
We have assumed that only weaned individuals "survive" the transition from summer to winter.
Summer Dynamics
The dynamics and transitions between various categories of animals during summer are illustrated in Fig. 1 . 1) Initiation of reproductive season. All overwintered (immature and non-territorial) individuals will remain as non-territorial individualsonly subjected to an instantaneous mortality rate given by Eq. (1) -for a certain lag period, the length of which, t w , is determined by the population density. We assume r w =a 3 • X/K t (3) where K t and a 3 are two positive parameters; K t determines the total number of territories in the habitat (i.e., its carrying capacity as measured in number of territories) and a 3 the length of the time lag when X = K t . After x w days from the first potential day of summer overwintered females may become pregnant.
(i) If there are fewer overwintered females than available breeding territories in the habitat (i.e., X^K t ) then,
where X' is the number of non-territorial individuals after the "transition" between animal categories has occurred.
(ii) If, on the other hand, there are more overwintered females than available breeding territories (i.e., X>K t ) then,
2) Ageing. The age of non-territorial females is not monitored; in fact, we assume total mixing of the non-territorial female category. Each time step (i.e., each day), animals in the N p , N np , N s and Y-categories are "moved" one time unit (i.e., a day) in the direction indicated by the arrows in Fig. 1. 3) Mortality. The death rate for functionally adult individuals (i.e., N p and N np individuals), /u r is given by
where a 4 and a 5 are non-negative parameters; assuming, as we do, that the mortality rate for functionally adult individuals is density-independent (Bondrup-Nielsen, pers. comm.) (i.e., a 4 =a 5 = 0), Eq. (6) may be written ju r -aSimilarly, the death rate for subadults and sucklings (N s , X and Y individuals), fi, is given by
where a 6 is a non-negative parameter; assuming, as we do, that the mortality rate for subadults is density-dependent (Bondrup-Nielsen, pers. comm.) -and specifically assuming a 6 = 0 -Eq. (7) may be written /^=a J + a 2 X (see, Eq. (1)). 4) Reproduction. Litter size is assumed to be a fixed parameter in the model. That is, no density dependence is assumed for the reproductive output by those females having a breeding territory. This is supported by observations summarized by Bondrup-Nielsen and Ims (1987) and Bondrup-Nielsen (1985).
5) Maturation. Non-territorial females (X) will be recruited to the adult population (N p and N 
(i)+2N np (i)+2N s (i)<K t ).
Individuals about to be recruited to the adult category will remain in the subadult category for a shorter or longer time period depending on current population density. Let this lag period be denoted t sn ; it is determined by using an auxiliary variable, r 1} defined by
where a 3 equals the length of the lag, or "waiting time", when the current number of subadult and non-territorial individuals is equal to the number of available territories without breeding females. Then
That is, a 3 is the maximum length of "waiting". 6) Parturition-conception lag period. Recently maturated subadults and adult females recently having delivered a litter, will not become pregnant before a time, r d , has elapsed. Let an auxiliary variable r 2 be defined by r 2 =a 3 . (2N P (i)+2N np (i) )/K t (10) where a 3 is now interpreted as the time required for a female which has just delivered a litter to become pregnant again, when the total density of breeding females equals the total number of territories available. Then, r a is defined by
The number 50 have been extracted from Buchalczyk (1970) and Bujalska (1983).
Summary of the Model
In short, the important features that we include in our analysis are:
(i) The populations dynamics as a whole are assumed to be governed solely by the populations dynamics of females. (ii) During winter, the female population is socially unstructuredall females are non-territorial. (iii) During summer, the female population is socially structured with respect to age. A female passes through five consecutive stages: i.e., suckling immature subadult -> non-pregnant adult pregnant adult, where the three last stages are territorial. (iv) The time spent as immature, subadult and non-pregnant adult increases with increasing population density. (v) Mortality rates of non-territorial stages increase with total population density of non-territorial individuals; mortality rates of territorial stages are independent of density. Hence, we assume density dependent negative feed-black in the reproductive performance of females: high density implies a low specific rate of reproduction (due to a long waiting time before becoming pregnant) and vice versa. Our problem now, is to see whether this feature is sufficient to generate persistent cycles, and, in particular, whether the maximum length of the reproductive season is important.
The model has been studied by numerical analysis (a FORTRAN program defining the model precisely may be obtained from the senior author). A standard set of parameters has been used (Table 1) ; the population dynamical effects of varying one of these, or a combination of these, have been studied and are reported below. Throughout, we evaluate which parameter combinations tend to destabilize the population dynamics.
RESULTS
We have analyzed the effects of varying the number of possible territories in a particular region (K t ; determined by the primary productivity of the region), the maximum length of time between litter delivery and the next successful mating when all territories are occupied (a 3 ), the litter size (B), the maximum length of the summer period (T s ), and the density independent mortality rate (a t ); see Table 1 .
In general, we find that most parameter combinations result in a fairly stable population dynamics. Changing the primary productivity of the region (i.e., K t ) seems to have no effect on the population dy- namics. This certainly is consistent with the results obtained by analyzing a somewhat different model (disregarding seasonality) for the same general Clethrionomys type of biology (Stenseth et al., 1987) . The exclusive territoriality of Clethrionomys females seems in most cases to lead to a stable population dynamics.
We have, however, found that seasonality, particularly when combined with high reproductive intensity, may produce density fluctuations (see Table 2 ). More precisely, increasing litter size or decreasing the potential length of the main breeding season may destabilize the population dynamics if a 3 , the extent of time lag due to aggressivity between territorial females, is larger than one; if a 3 = l, the population dynamics are -as should be expected -very stable. Some typical patterns of population dynamics resulting from the model are depicted in Figs. 2-4 .
In Table 3 we have summarized the results of our analysis by calculating the cyclicity index (Stenseth, 1977 (12) where is defined as the total population five days after the "initiation of the reproductive season" has started. For that day we calculate
SIMULATED YEAR 
4) Late summer index for subadult and immature females only (g d ).
In this case, N y (d) is defined as the total number of subadults and immatures ten days before the termination of the summer. For that day we calculate
All indices are based on the simulated years y = 20 to y = 50.
We have studied the population dynamics for all combinations of parameter values given in Table 1 . As can be seen from Table 3 , the early winter population tends to be slightly less variable than the early summer population. Furthermore, we see that the adult population is far more stable than the subadult and immature segments of the population are. This leads us to predict that if a population with exclusive female territoriality exhibits cycles, these will be exhibited by the subadult and immature components of the population. Table 4 Multiple correlation analysis showing the relation between the cyclicity indices and the various parameters studied (see Table 1 ). The analysis was done with K t , ai, B, a 3 and T s as independent variables and q as the dependent variable; however, a 3 and B were never found to be significantly correlated with any of the cyclicity-indices. Minus means significant negative correlation; plus means significant positive correlation. Three symbols mean significant at the 0.001 level, two symbols mean significant at the 0.01 level, and one symbol means significant at the 0.05 level. A symbol in parentheses means almost significant at that level.
A zero means no significant relation.
We have further correlated the values of each of these four indices to the values of the parameter values used in our analysis (Table 1) : the results are summarized in Table 4 . As can be seen, increased density-independent mortality rate (a!) stabilizes the population dynamics significantly. Similarly, increased length of the main breeding season (T s ) also stabilizes the population dynamics significantly. Finally, there is a tendency for increasing the degree of cyclicity in areas with high values of K t (i.e., in more productive areas). Notice, however, that K t has no effect on the density of the total population; this is consistent with the quality analysis reported above.
It should be noticed that we do not see any effect of litter size in this analysis (Tab. 4), in contrast to the effect seen in Table 2 . Presumably this is due to the fact (indicated by Tab. 2) that this effect is so much weaker than the effect of survival and length of main reproductive period that it does not show up in our correlation analysis. It should also be realized that the stability measure used in Table 2 is qualitative whereas that used in Table 4 is quantitative (i.e., Eq. (12)). The amplitude is only of importance in the latter case. Hence, it may be arqued that our analysis suggests that increasing values of B certainly destabilize the population dynamics, but so that the amplitude of the resulting fluctuation is only slightly affected (hence, changing B has only a slight effect on the g-value).
An interesting feature of our model is that a non-synchronized reproduction occurs in areas with low realized densities compared to the carrying capacity of the region. In areas where the realized density is fairly close to the carrying capacity of the region, a synchronous reproduction emerges; i.e., litters are produced synchronously at regular intervals. Hence, it seems reasonable to apply the concept of a cohort structure only to populations which are fairly close to their carrying capacity. Presumably, we would not have obtained this result if we, in the model, had incorporated a stochastically varying "waiting time".
DISCUSSION
It is fairly easy to understand why we obtain the results we do: a lag in initiating reproduction in the spring and a lag between litter productions may easily cause fluctuations in regions with short summers since then one or two "potential" cohorts (sensu Gliwicz et al., 1968) out of a few cohorts are "lost". In regions with long summers, however, the relative number of cohorts "lost" will be fairly small. Therefore, the density-dependent effects introduced by the reproductive lag become more pronounced in regions with short summers than in regions with long summers: essentially then, our result is a special case of a more general result in population dynamic theory saying that too strong density dependence in a seasonal environment (i.e., discrete breeding) may cause fluctuations (e.g., Maynard Smith, 1968 ; see also Stenseth & Antonsen, 1987a, b) .
Another feature of our model is also consistent with general population dynamics theory: the positive correlation between the degree of cyclicity and the carrying capacity (K t ) corresponds directly to "the paradox of enrichment" (Rosenzweig, 1971 ; see also May, 1972 May, , 1981 .
It is important to realize that the extent of time lag (a 3 ) in itself did not affect the stability of the population (see legend to Table 4 Bujalska (1970) observed for a population of C. glareolus a stable density of mature females but a two-year cycle in the density of subadult and immature females. Similarly, Koshkina and Korotkov (1975) found for a population of C. rutilus a stable density of mature females but a varying density of subadults and immature in the optimal habitats. A similar pattern was observed by Fuller (1985) for C. rutilus and C. gapperi. We are confident that this list supporting our model-prediction may be greatly expanded.
Although we have thus been able to generate cyclicity in a qualitative sense, we have not demonstrated a satisfactory quantitative agreement with real microtine cycles. This is not to say that such an agreement could not, in principle, be found with the present model. Our reasons for not pursuing the analysis beyond the qualitative stage are, first, that Bujalska's and Wiger's hypotheses are qualitative, and second, that one immediately runs into interpretational problems if the system is to be quantified. For example, no real population lives in an environment devoid of predators, nor are there any real populations that live in an environment with a constant carrying capacity. These, and other, factors may very well be involved in determining the exact pattern of the cycles, once cyclicity itself is generated by internal mechanisms in the vole population.
In this connection it is worth while to point out that none of the cyclicity indices used in our analysis (Tab. 3) have values as high as those found by Henttonen et al. (1985) for a variety of Clethrionomys populations. In fact, Henttonen et al. (1985) suggested that a cyclicity index (i.e., q 2 ) below 0.5 should be considered to correspond to a stable population whereas a cyclicity index above 0.5 should be considered correspond to a cyclic population. We are confident that the consistently low values of all our cyclicity indices are due to the fact that we purposely have disregarded environmental factors such as predatiori and food availability.
It is, however, rather interesting to observe that the same mechanism (i.e., female territoriality) may lead to stability as well as to instability of population density depending on the values of easily interpretable parameters in the model (length of the summer and litter size). With regard to Bujalska's and Wiger's hypotheses, we therefore suggest that exclusive female territoriality is not sufficient to explain neither the stability of southern populations (as suggested by Bujalska) , nor the cyclicity of northern ones (as suggested by Wiger). We cannot say whether female territoriality is necessary to produce either type of population dynamics, since we have not attempted to relax the assumption of territoriality; all we can say is, in very general terms, that our model (which includes territoriality) is stable over very large parts of parameter space, but that! it is destabilized by factors such as short summers and low specific mortality rates.
Clearly then, it is safe to conclude that female territoriality certainly is consistent with either type of population dynamics found by Bujalska and by Wiger: if the potential reproductive period is short, density fluctuations will result. Otherwise, the population tends to be stable. This seems to be supported by observations: regular density cycles seem only to be observed in areas with long (snowy) winters (e.g., Fuller, 1967 ; see also Henttonen & Hansson, 1985a) .
In addition we have found a tendency for increasing litter size per reproductively active female to destabilize the population dynamics. Our results therefore suggest that the commonly observed positive correlation between degree of density variation on cyclicity and litter size (e.g., Stenseth & Framstad, 1980; Stenseth et al, 1985b ; but see Henttonen & Hansson, 1985b; is actually a causal relationship: increased litter size causes increased cyclicity.
Our overall conclusions, then, are these: Both the hypothesis proposed by Bujalska (1970) for explaining the stability of the central European Clethrionomys glareolus populations, and the hypothesis proposed by Wiger (1982) for explaining the cyclicity of the north European C. glareolus populations are plausible, but incomplete. We presume that both authors were implicitly referring to different parts of the parameter space. Then, there is not necessarily any paradox: the same biological mechanisms may explain both types of population dynamics depending on the parameter combinations, although additional factors, such as predator-prey interactions (e.g., Pearson, 1966 Pearson, , 1971 , may be required to approach a refined quantitative understanding. Wiger (1982) did in fact suggest the importance of such additional factors. We have demonstrated the importance of his suggestion.
